Enhancements in photocatalytic performance under visible light have been reported by noble metal functionalization on nanostructured TiO 2 ; however, the non-uniform and discrete distribution of metal nanoparticles on the TiO 2 surface makes it difficult to directly clarify the optical and electrical mechanisms. Here, we investigate the light absorption and the charge separation at the metal/TiO 2 Schottky junctions by using a unique device architecture with an array of TiO 2 nanohelixes (NHs) forming Schottky junctions both with Au-top and Pt-bottom electrodes. Wavelength-dependent photocurrent measurements through the Pt/TiO 2 NHs/Au structures revealed that the origin of the visible light absorption and the separation of photogenerated carriers is the internal photoemission at the metal/ nanostructured TiO 2 Schottky junctions. In addition, a huge persistent photoconductivity was observed by the time-dependent photocurrent measurement, implying a long lifetime of the photogenerated carriers before recombination. We believe that the results help one to understand the role of metal functionalization on TiO 2 and hence to enhance the photocatalytic efficiency by utilizing appropriately designed Schottky junctions. Published by AIP Publishing. https://doi.org/10.1063/1.5017051 TiO 2 has attracted considerable attention as a photocatalyst, which converts solar energy into useful chemical energy in an environmentally friendly way, due to its excellent long-term stability, non-toxicity, low cost, and photostability.
1,2 However, the photocatalytic efficiency of TiO 2 suffers from its intrinsic material properties including the wide bandgap and fast recombination rate of photogenerated electron-hole pairs. 3, 4 TiO 2 has the bandgap larger than 3.2 eV corresponding to the $387 nm ultraviolet region; thus, only a small portion of solar irradiation can be utilized for photocatalytic reactions. 3 In addition, the recombination of photogenerated electrons and holes occurs rapidly on the TiO 2 surface, reducing the photocatalytic efficiency significantly. 4 Much effort has been made to extend the spectral range of light absorption to the visible range of the solar spectrum and to suppress the recombination of photogenerated electron-hole pairs.
Incorporation of non-metal dopants such as C, N, and S into TiO 2 has been reported for achieving visible-light activation of TiO 2 by lowering of effective energy bandgap. [5] [6] [7] On the other hand, noble metal functionalization methods have been widely used to overcome the large bandgap in addition to their various advantages, such as enhanced separation of the photogenerated electron-hole pairs at the metal/TiO 2 interface, and selective catalytic effects, thus, to enhance the photocatalytic activity. [8] [9] [10] [11] [12] [13] [14] Recently, Yang et al. reported an enhanced photocatalytic activity of Pt nanoparticle-decorated TiO 2 nanostructures in visible wavelengths, which was attributed to the decreased bandgap of the system after Pt loading. 9 On the other hand, the plasmonic effect of Au nanoparticles on TiO nanostructures was reported to be responsible for the enhanced photoelectrochemical performance under visible light by Su et al. 10 Besides the visible light absorption, it was also reported that effective separation and transport of photogenerated charge carriers, suppressing the recombination, can be enabled by the Schottky junction formed at the interface between Au and TiO 2 nanostructures. 13 However, the direct evidence and deep understanding of the mechanisms responsible for the enhanced photocatalytic efficiencies by noble metal functionalization methods are still lacking. 15 This is because most of the reported functionalization methods are based on solution processes or spin coating, resulting in a non-uniform and discrete distribution of noble metal nanoparticles on the nanostructured TiO 2 system. With such a system, it is extremely difficult, even impossible, to directly investigate where visible light absorption occurs and how the photogenerated carriers are separated and transported through the interface between metal nanoparticles and TiO 2 by optical and electrical characterization.
In this study, we fabricate a unique nanoscale diode having an array of three-dimensional (3D) TiO 2 nanohelixes (NHs) between Au top and Pt bottom electrodes to form welldefined nanoscale metal/TiO 2 Schottky junctions. Wavelengthdependent photocurrent through the Pt/TiO 2 NHs/Au nanoscale Schottky diodes under visible light illumination gives an important clue on the mechanism for visible light absorption and separation and transport of photogenerated carriers at the metal/TiO 2 interfaces. In addition, a huge persistent photoconductivity was observed, implying that a long lifetime of the photogenerated charge carriers can greatly enhance the photocatalytic efficiency in the TiO 2 NH-based Schottky diodes.
The schematic drawing of the nanoscale Schottky diode device having Pt/TiO 2 NHs/Au junctions with the top-andbottom electrode configuration is shown in Fig. 1(a) . An array of TiO 2 NHs were fabricated by oblique angle deposition (OAD) on the bottom electrode formed by conventional photolithography, Ti/Pt (5/15 nm) deposition, and lift-off processes. In OAD, such 3D nanostructures can be produced by controlling the vapor flux angle, substrate rotation speed, and a)
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deposition rate, in a simple, reproducible, and cost-effective way. 16, 17 The array of TiO 2 NHs was deposited with the vapor flux angle of 80 , the deposition rate of 2.2 Å /s, and the substrate rotation speed of 0.1 rpm. After the TiO 2 NH deposition, the sample was annealed at 500 C for 30 min in air ambient for phase transformation from amorphous to anatase, 18, 19 which can bring about high carrier mobility. Then, Au top (200 nm) and Ti/Au pad (20/200 nm) electrodes were deposited. The inset of Fig. 1(a) shows the top-view scanning electron microscopy (SEM) image of the device having holes in the Au top electrode which ensures that light can be absorbed not only in the bulk TiO 2 NHs but also at the interfaces of Pt/ TiO 2 and Au/TiO 2 under illumination. The cross-sectional SEM image of the device in Fig. 1(b) shows vertically aligned TiO 2 NHs between Au top and Pt bottom electrodes. Note that the individual TiO 2 NHs have well-defined nanoscale contacts with both Au and Pt electrodes, which facilitates the investigation of the light absorption mechanism at the nanoscale metal/TiO 2 junctions by measuring wavelengthdependent photocurrent.
Current-voltage (I-V) characteristics were obtained when the bias is applied to the Pt bottom electrode with the grounded Au top electrode, as plotted in Fig. 1(c) . It is expected that Schottky junctions are formed at both top and bottom contacts considering the work function of Pt (5.8 eV), Au (5.2 eV) and the electron affinity of TiO 2 (4.0 eV), 20 with a higher Schottky barrier height at the Pt/TiO 2 NHs than that of the TiO 2 NH/Au. Thus, the anisotropic rectifying characteristics in the I-V curve are attributed to the higher Schottky barrier height at the bottom contact. Black and red lines are I-V curves in the dark and under light illumination with a halogen lamp, respectively, and the inset shows the same I-V curves in log scale. After the light illumination, current increases at both reverse and forward bias conditions indicating that the Pt/TiO 2 NH/Au structure absorbs photons from the halogen lamp and generates free charge carriers. Figure  1(d) shows the absorbance of TiO 2 NHs-without metal contacts-measured by using a UV-Visible spectrometer and the measured spectrum of the halogen light source with an infrared cutoff filter. The TiO 2 NH array starts to absorb the light from the wavelength of $320 nm (optical bandgap, $3.8 eV), while the halogen source emits light in the visible wavelength range (400-700 nm). Despite no overlap between the spectra of the TiO 2 NH absorbance and the incident light, a high photocurrent is generated as shown in Fig. 1(c) , implying that the photocurrent does not originate from the light absorption in the bulk TiO 2 NHs but from other regions such as Pt/TiO 2 NH or TiO 2 NH/Au Schottky contacts.
In order to clarify the origin of the visible light absorption in the nanoscale Schottky diode device, wavelengthdependent photocurrent mapping was carried out at zero bias while the Au top electrode was grounded. A supercontinuum laser and a monochromator were used for single wavelength light illumination with the light power of 100 lW and the beam size of 1 lm, and the illuminated area was 50 Â 50 lm 2 at the center of the top electrode. Figures 2(a) and (b) show zero-bias photocurrent maps observed from the edge of the hole patterns in the Au top electrode under illumination at the wavelengths of 500 nm and 730 nm, respectively. It is noted that the photocurrent is observed at visible wavelengths which correspond to photon energies below the bandgap energy of TiO 2 . In addition, both the magnitude and sign of the photocurrent are dependent on the energy, thus the wavelength, of photons. The generation of photocurrent under the illumination of the light with the energy below the bandgap of TiO 2 without a bias voltage can be explained by the internal photoemission phenomenon at the metal/TiO 2 NH contacts. Since the generation of electron-hole pairs only requires photon energy above the Schottky barrier height rather than that above the bandgap energy, light absorption in the visible or even infrared range becomes possible. 21, 22 On the other hand, the opposite directions of photocurrent were obtained: negative at a relatively short wavelength of 500 nm [ Fig. 2(a) ] and positive at a relatively long wavelength of 730 nm [ Fig. 2(b) ]. This is because the internal photoemission is sensitively dependent on the Schottky barrier heights formed at the Au/TiO 2 NH and the Pt/TiO 2 NH contacts. In other words, the Pt/TiO 2 NH junctions which have a higher Schottky barrier height, estimated to be 1.8 eV considering the Pt work function and TiO 2 electron affinity, can absorb the light with a wavelength shorter than about 680 nm and contribute to the negative photocurrent, while the TiO 2 NH/Au junction having a lower Schottky barrier height can absorb the light with a wavelength longer than 680 nm and contribute to the positive photocurrent.
The wavelength-dependence in photocurrent is not only observed in the direction but also in the magnitudes of the photocurrent. The magnitude of photocurrents obtained from wavelengths of 500 nm and 730 nm is different; the negative photocurrent is $5 times higher than the positive one. To investigate wavelength-dependent photocurrent direction and magnitude in more detail, photocurrent at zero bias is plotted as a function of the wavelength of light in the visible region (760-460 nm) with a light power of 30 lW, as shown in Fig. 3(a) . Positive photocurrent was observed at a longer wavelength than 600 nm, implying that the electrons flow from the Au top electrode to the Pt bottom electrode as schematically shown in the inset of Fig. 3(a) . On the other hand, the negative photocurrent starts to be observed from 600 nm, which means that the electrons dominantly flow from the Pt bottom electrode to the Au top electrode. The result also shows a distinct difference in the magnitude of the photocurrent; the smaller the positive photocurrent, and the bigger the negative photocurrent.
The reason of such a wavelength-dependence is explained with the energy band diagram in the longitudinal axis of the device shown in Fig. 3(b) . First, hot electrons are generated at the Pt or Au metals during the light illumination (‹) even when the energy of incident light is smaller than the bandgap energy of TiO 2 . Then, these electrons are emitted and transported through the metal/semiconductor interfaces, generating photocurrent (›). Here, the wavelength of light where the photocurrent generation starts is highly dependent on the Schottky barrier height formed at the metal/TiO 2 junctions but not on the bandgap of TiO 2 . In this Pt/TiO 2 NHs/Au system, the light with relatively low energy can only generate the positive photocurrent from the TiO 2 NH/Au junctions which have a relatively low Schottky barrier height. However, positive photocurrent starts to decrease from $660 nm and becomes negative at $600 nm due to dominant photocurrent from the Pt/TiO 2 NH junctions which have the relatively high Schottky barrier height. More significant energy band bending at the Pt/TiO 2 NHs can act as large driving force for electron flow from the Pt electrode resulting in much higher negative photocurrent. Positive photocurrent, on the other hand, is much smaller than the negative photocurrent because electrons from the TiO 2 NH/Au junctions are easily blocked by Pt/TiO 2 NH Schottky barriers. Finally, photogenerated electron-hole pairs are spatially separated by the Schottky barriers, resulting in an extended lifetime of the electrons (fi). This indicates that the improvement of photocatalytic efficiency after the metal functionalization on TiO 2 nanostructures is attributed to a combined effect of the internal photoemission and effective charge separation at the potential gradient formed by Schottky junctions. Furthermore, the wavelength-dependent photocurrent direction provides new 
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Kwon et al. Appl. Phys. Lett. 112, 043106 (2018) perspectives that the broadband light absorption can be achieved via functionalizing TiO 2 with various metals having different work functions because the wavelength of absorbed light is determined by the Schottky barrier heights formed at the metal and TiO 2 nanostructures. Suppressed recombination of the photogenerated electronhole pairs was also observed by measuring time-dependent photocurrent, as plotted in Fig. 4(a) . It was measured under a halogen light source by applying À3 V with a pulse mode to eliminate the Joule heating effect. Interestingly, it took several minutes for the photocurrent to be saturated, and the photocurrent decreased much more slowly after the light illumination was terminated, which is called the persistent photoconductivity. 23, 24 The origin is generally explained in the literature by microscopic random-potential fluctuations in metastable defects that prohibit the recombination of photogenerated electron-hole pairs. 21 It is also reported that the decay curve can be wellfitted by a single stretched-exponential decay, namely Kohlrausch's law, when the persistent photoconductivity is caused by the metastable potential barrier. 25, 26 Figure 4 (b) exhibits the decay of our TiO 2 -based nanoscale Schottky diode following a single stretched-exponential
where I PPC is the persistent photocurrent, t is the time, s is the lifetime of the induced photocarriers, and b is the decay exponent, indicating that the TiO 2 NH array shows persistent photoconductivity due to the potential barriers in metastable defects formed at the TiO 2 surfaces or metal/TiO 2 interfaces. Recently, Sharp et al. reported that this kind of persistent photoconductivity observed in TiO 2 can enhance solar cell efficiency by photo-induced accumulation of excess carriers. 27 It is also expected that the our TiO 2 NHs showing the persistent photoconductivity effect can improve photocatalytic surface reactions between photogenerated electrons and target molecules by unusual long lifetimes before recombination.
In summary, a nanoscale Schottky diode device having well-defined Pt/TiO 2 NH/Au junctions with the top-and-bottom electrode configuration was fabricated for the direct investigation of the role of metal functionalization on nanostructured TiO 2 -based photocatalysts. Photocurrent through the Pt/TiO 2 NH/Au junction was observed even under visible light illumination that is attributed to the light absorption at the metal/TiO 2 junctions. The wavelength-dependent photoresponse gives direct evidence that the origin of the light absorption is the internal photoemission which is related to the Schottky barrier height formed at the Pt/TiO 2 NH and Au/ TiO 2 NH interfaces. The Schottky contacts can also act as a spatial separator of photogenerated electron-hole pairs, resulting in a suppressed recombination of carriers. Furthermore, a huge persistent photoconductivity was observed, indicating the long lifetimes of photogenerated charge carriers in the TiO 2 NHs. Based on our investigation, we believe that TiO 2 photocatalysts can be designed to absorb a wide range of solar visible irradiation when functionalized with appropriate metals since both the light absorption and the photocurrent generation are strongly dependent on the Schottky barrier height formed at the metal/TiO 2 interface. The large photoresponse of the nanohelical TiO 2 -based Schottky diodes in a visible range also implies the great potential to be used as visiblelight photodetectors.
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